This study presents a methodology for evaluating shotcrete compressive strength. Because of the high surface roughness and low thickness of the concrete layer observed in shotcrete structures, the proposed methodology is based on the probe penetration test. In a first phase, the variability of the probe penetration test was investigated to define the number of tests that are required to characterise the test correlation curve. Then, a procedure that can be applied to define the correlation curve was described. This procedure includes the moulding of shotcrete plates in loco, the control of the discharge energy of the pins, the extraction of the plates' samples to determine the concrete compressive strength, and statistical analysis. With the test correlation curve, an evaluation of the structure and data analysis can be performed. To verify the applicability of the proposed methodology, the structure of a shotcrete tunnel in a small hydropower plant was investigated. In the analysed structure, strength results that were non-compliant with the project specifications and a lack of concrete homogeneity were observed. Since the analysed methodology allowed for the characterisation of the considered structure conditions, the proposed solution is adequate for evaluating the compression strength of shotcrete structures.
introduction
The use of shotcrete in tunnel linings is common practice. However, correct measuring and projection techniques are not always employed. An example of a shotcrete structure that has demonstrated non-compliance with the mechanical properties of the concrete was the water intake tunnel lining of a small hydroelectric plant (SHP) located at Santa Rosa de Lima, SC, Brazil. In this structure, which is presented in Figure 1 , part of the concrete lining began displaying structural problems three weeks after the application of shotcrete onto the tunnel wall. These problems might have been originated from the projection process and/or the measuring process of the materials in the shotcrete. Therefore, this study was performed with the initial goal of defining a methodology for the evaluation of shotcrete structures and then evaluating the compressive strength of the tunnel lining to verify the applicability and effectiveness of the proposed method. Initially, the extraction of samples was considered as a method to determine the compressive strength of the concrete used in the tunnel. Nevertheless, this option was discarded because of the inclination of the tunnel walls, the variation in the thickness of the concrete lining layer (detailed in Figure 1 ), and the high cost of sample extraction. Thus, the possibility of using a non-destructive test was considered. The proper type of non-destructive test had to be chosen based on the structure characteristics.
non-destructive tests used to assess the structure
Several non-destructive tests are applicable in the evaluation of concrete structures, [1, 2] , including the pullout test, the probe penetration test, the maturity method, the rebound hammer test, ultrasound, and impact-echo. In the present study, the reflection rebound hammer test, the pin pullout test, and the probe penetration test were considered. These measurements are related to technical, economic, and practical issues that will be discussed throughout this section. The use of a rebound hammer test was the first test possibility to be considered due to its simplicity and low cost. This test is based on the evaluation of a mass rebound after being fired against a surface at a standard energy. The rebound hammer test is widely used in evaluating finished structures. Examples of applications of this test are presented in [3] , where the rebound hammer test is used to estimate the strength of reinforced concrete structures, and in [4] , where the same test is considered as suitable for evaluating the uniformity of concrete structures. Regarding the assessment of tunnels, Bilgin et al., [5] , presents a practical application of this test. However, the study is intended to evaluate the surface hardness of rocks with the intention of providing the energy required for blasting. The test could have been used in the assessment of the tunnel in question if the surface lining was regular.
The results of the rebound hammer test are affected by a number of factors, including I) the moisture conditions of the concrete surface, II) the presence of a surface layer of carbonated concrete, and III) the direction of the instrument, [6] . These factors, along with the construction characteristics of the tunnel, are mainly due to increases in the surface roughness and practically impede the use of reflection sclerometry for the assessment of shotcrete structures. The use of a pullout test was also considered for the evaluation of the structure in question. As an example that is practical and directed towards the construction of tunnels, the probe penetration resistance test adjusted by a pneumatic system was employed by Iwaki, [8] , for quality control of the compressive strength of a shotcrete structure, in which a good correlation with strength values up to 30.0 MPa was obtained. The strength limit of 30.0 MPa is associated with the kinetic energy level applied to the pneumatic system described by Iwaki, [8] . In the case of the Windsor test, the strength limit is as high as 40.0 MPa according to the same author. The advantages of the probe penetration test include low cost; simplicity, as it can be easily performed by a trained technician; and speed when applying the test in structures that require a high number of tests. Based on the above considerations, the probe penetration test was chosen to evaluate the structure analysed in the present study. The energy application system of the probe penetration test used in this study consists of an adaptation of the gun used in the Windsor test.
After defining the type of non-destructive test to be used in assessing the shotcrete structure, the proposed methodology was defined, as presented in the following section.
Methodology used to assess the shotcrete structure
The proposed methodology is divided into two stages. The first stage consists of defining the correlation curve of the non-destructive test, i.e., the relationship between the exposed length of the pin and the compressive strength of the concrete. The second stage involves in loco testing along the length of the tunnel. The combined results of these two stages were used to determine which parts of the structure had a compressive strength that was lower in One of the probe penetration tests reported in the literature is that proposed by Al-Manaseer and Nasser, [11] , the test relies on a spring-loaded hammer similar to the one used in the rebound hammer test. However, the most recognised penetration test using a gun is the Windsor test, [6, 12] , which uses a powder-actuated tool to project pins into the concrete. The powder-actuated gun drives the steel-alloy probe (pin) into the hardened concrete, and the exposed length is then measured. In contrast to the rebound hammer test, the penetration test is not strongly affected by the surface conditions of the concrete. Nonetheless, like the rebound hammer test, the hard- The tests that were used to determine the coefficient of variation of the probe penetration test were performed in shotcrete plates measuring 0.60×0.60×0.15 m (width x length x height) with a composition identical to that used on-site. The dosage of the concrete used in the projection of the plates and in the tunnel is highlighted in Table 1 . The plate mouldings were inclined at an angle of 60° (in the horizontal plane) and shaped during the projection of the concrete in the tunnel. This measure aims not only to represent the conditions observed on site but also to prevent the incorporation of the material reflected and the consequent formation of low strength concrete lenses.
For the probe penetration test, it was initially considered to measure the inclination angles and exposed lengths of the driven pins. Nonetheless, due to the lighting conditions of the tunnel and the high number of tests to be performed, the average length of the exposed probe was determined by averaging two measurements of the exposed length using a digital calliper, as shown in Figure 3 . It should also be noted that the increased roughness of the tunnel finishing, and the surface finish of the concrete plates, are determining factors for the adoption of the measurement method used in this study. The probe penetration test was performed using controlled propulsion energy (kinetic energy). Such control was required when observing the results of the early-age tests, which indicated that the use of maximum propulsion energy resulted in the complete penetration of the pin in most cases. This initial response is likely associated with the low level of strength of the shotcrete in the tunnel. The reduction in the propulsion energy was obtained by increasing the distance between the capsule where the powder load is inserted and the pin, as illustrated in Figure 4a ,b. The control of the distance, d p =100 mm, from the probe to the powder load was performed using a metal rod with a diameter similar to the probe head and a backstop defined by a metal ring welded to the rod ( Figure 4b ). This procedure was carried out throughout the experimental program with the objective of reducing errors and, at the same time, facilitating the test performance, as the operator need than that specified in the project, i.e., f ck = 25.0 MPa. To perform the probe penetration tests, the Walsywa gun -DFG 40S Model was used. Furthermore, 22.0 mm cartridges and 55.0×6.35 mm (length × diameter) pins were used. The equipment used in the test is illustrated in Figure 2 . The Walsywa gun was adopted to replace the Windsor gun because the latter was difficult to obtain and relatively costly. The Walsywa gun was first used in Brazil to predict concrete properties, such as compressive strength, in a study developed by Vieira, [13] . Currently, this method has been widely employed to investigate possible non-conformities in reinforced concrete structures in studies such as those by Evangelista, [14] , and Pinto & Baggio, [9] . According to the literature, the probe penetration test is characterised by a high variability, [1, 2, 14] . This variability results from factors associated with errors caused by both the operator and the equipment due to the heterogeneous character of concrete. Errors caused by the operator, who should be duly qualified to perform the tests, can be considered minimal, and the variability originates mainly from the factors associated with the equipment, such as varying the powder charge in the cartridge. The presence of coarse aggregates in the concrete and the distribution of voids throughout the mass greatly affect the test results and are considered to be the main reason for the high variability of the test [2] . As a result of the above-mentioned factors, a greater number of tests is necessary to detect significant variations in the concrete strength when comparing, for example, the probe penetration test with the rebound hammer test. Nevertheless, several published results, e.g., [15] [16] [17] , indicate that the coefficient of variation of the probe penetration test would not be as high, which would reduce the total number of tests required to obtain reliable results when investigating the strength of the finished concrete structure. Because divergences exist, the coefficient of variation of the probe penetration test was determined with the equipment used in this study. Note that the determination of the coefficient of variation of this test was performed prior to the completion of the stages described earlier in this section.
It is important to mention that the results from the preliminary study, which were used to determine the coefficient of variation of the probe penetration test, are required to define the number of tests that need to be performed in the following steps, namely, in stages 1 and 2. Thus, to facilitate the understanding of the experimental program, the results of the preliminary steps were presented along with a description. Probe penetration test applied for evaluating shotcrete compressive strength not worry about measuring the exact distance of the probe in the trigger pipe every time the test is performed.
A total of ten tests were performed on the same concrete plate at an age of 28 days. In each test, the powder contained in the cartridge used in the test was measured, and the coefficient of variation was determined. To reduce possible errors caused by the operator, all tests were performed by the same, properly qualified individual. The results obtained are discussed in the following section.
Results and discussion of results
The results of the embedded probe length and the cartridge powder are shown in Figure 5 . These values were calculated as the difference between the average lengths of the pin, which, in this case, was 54.9 mm, and average measured exposed length, as depicted in Figure 3 . Table 2 lists the values of the average embedded probe length and the average powder obtained based on the individual values highlighted in Figure 5 .
Based on the results in Table 2 , a total coefficient of variation of 8.1% was obtained. The low coefficient of variation is connected, among other factors, to the small variation in the powder load contained in the cartridge. Furthermore, the fact that the tests have been carried out by the same operator and that the mixture of the shotcrete has been produced with a coarse aggregate with a maximum dimension of 9.5 mm has also contributed to reducing the total variability of the test, [1,2]. Due to practical measures that are connected to the high number of tests to be performed and based on the low variability of gunpowder, it was decided not to measure the powder mass over the remaining experimental stages.
The determination the total number of tests n to be performed for each concrete plate evaluated in stage 2 is based on the relative maximum error E described in equation (1).
(1)
where CV is the coefficient of variation of the test in percent, E is the maximum relative error in percent, n is the total number of tests, and t a/2 corresponds to the constant distribution of the t-Student [18] test for a significance value of α/2. It should be noted that the value of α was defined as 5.0%. Furthermore, it is highlighted that the solution of equation (1) is obtained by an iterative process because the constant value t a/2 is a function of n. The lower the maximum relative error admitted, the greater the number of tests that need to be performed. However, factors such as the cost of conducting the tests, the amount of time working inside the tunnel, and the equipment costs must be taken into account to minimise the amount of testing that is performed and, consequently, the direct and indirect costs related to the execution. Depending on these variables and in accordance with the technical team responsible for implementing the tunnel, a maximum relative error of 10.0% was chosen. By applying the values of the coefficient of variation of the probe penetration test, CV = 8.1%, outlined in Table 1 and the maximum relative error, E r = 10.0%, from equation (1), it was possible to obtain a value for the total number of tests n equal to six (n = 6). Note that the value resulting from equation (1) is equal to 5.1. Nevertheless, this figure was rounded to the next highest whole number. Hence, 12 tests were performed in each concrete plate (6 at 13 days old and 6 at 36 days old).
Stage 1: Determination of the correlation curve of probe penetration test
The definition of the correlation between the results of the probe penetration test and the concrete compressive strength was determined by tests performed on two concrete plates. The concrete plates measuring 0.60×0.60×0.15 m were moulded with shotcrete, whose composition corresponds to that used in the tunnel in question and agrees with the dosage that was used in stage 1. Prior to conducting the probe penetration test, four core samples with 75.0 mm diameters were extracted from the concrete plates. Due to the variation in the thickness of the concrete plates resulting from the process of producing the same in the tunnel, the height of the core samples ranged from 93.0 mm to 159.8 mm. A total of 12 probe penetration tests were performed in each of the concrete plates. This number of tests is based on the results of the study to determine the coefficient of variation of the probe penetration test described in section 3 .1. The compression strength tests were performed at different times; in this case, two core samples were tested at 13 days, and two at 36 days. This measurement was performed to cover a wider range of compressive strengths to define the correlation curve. It is important to note that the quality and integrity of the core sample must be evaluated before being tested. Samples that present moulding failures, known as concrete lenses in the case of shotcrete, should be discarded and the extraction of an additional core sample should be performed. After conducting the tests proposed in this section, the correlation curve between the exposed probe penetration length and the compressive strength was determined by a linear regression using the model described in equation (2). The prediction errors, E r, , for the individual and mean values of the correlation curve were calculated using equations (3) and (4), respectively. The significance value α, which is necessary to determine the confidence interval of the correlation curve, is equivalent to the value employed in the calculation of the concrete characteristic strength, i.e., α = 5.0% [19] . Among the various references, detailed descriptions of the linear regression process as well as the equations used for the determination of the prediction error can be found in [18] .
where x and y correspond, respectively, to the dependent and independent variables; a and b correspond, respectively, to the linear coefficient and the slope; E p-individual is the predicted error for the individual values and E p-medio is the predicted error for the mean values; S e corresponds to the standard error of the estimate and is calculated using equation (5), n refers to the sample size, i.e., the number of points used to define the correlation curve; x corresponds to the average value of the variable x; and S xx is the sum of the residues of the variable x given by equation (6). In addition to the correlation curve, the results obtained in the tests carried out on the plates were used to verify the second coefficient of variation of the assay. To do so, the coefficient of variation of the results of each of the plates for different ages and the average coefficient of variation CV were calculated using equation (7). 
Stage 2: The probe penetration test along the shotcrete layer of the tunnel
This stage aimed to evaluate whether the strength of the shotcrete layer along the tunnel would meet the value specified in the project. Nevertheless, performing probe penetration tests along the entire surface of the lining layer would be impractical, mainly due to difficulties in reaching all of the regions corresponding to the tunnel's vault. Therefore, three points for each pre-defined cross section were evaluated. The points where the tests were performed correspond to the sides and superior regions of the tunnel section, as depicted in Figure 6 . The tests were carried out in the tunnel over a period of 40 to 50 days after the projection of the last 100.0 m of concrete lining. The tunnel sections were evaluated in different directions because of the possibility of variation in the concrete compaction as a function of the projection angle and the distance. In ideal conditions, the concrete should be projected perpendicularly to the structure. Nonetheless, in stretches such as the roof of the tunnel, there are technical difficulties that can result in variation in the projected angle. However, for a single projected mixture, the experimental results indicate that such variation only affects the concrete strength and not the relationship with the probe penetration test [20] . Thus, the use of a 60º angle in the projection of the concrete plates used to define the test's correlation curve, which is discussed in section 3.1.1, has no significant influence on the correlation of the test.
In general, the sections were marked every 5.0 m or 10.0 m along the length of the tunnel. For each region, three tests were performed, resulting in a total of nine rounds per section. In total, 610 tests were conducted over the 450m length of the tunnel. More specifically, a total of 235 tests were conducted in each of the sides and 140 tests on the top. The reduced number of tests conducted on the top of the tunnel is due to difficulties encountered in reaching the top of the tunnel and performing the reading of the exposed length of the pin.
Results and discussion of results

1 Stage 1: Determination of the correlation curve of the probe penetration test
At this stage in the research, two shotcrete plates were tested. The results from the probe penetration test are listed in Table 3 . It is important to mention that the results deemed spurious were removed from the sample to produce the correlation curve.
The evaluation of the average coefficient of variation of the test, as measured by the mean values and standard deviations listed in Table  3 as well as by equations (7) and (8), result in a coefficient of variation CV equal to 7.1%. This value is consistent with the value obtained in the variability study of the test and is used to determine the number of tests to be performed at this stage, as stated in section 2.1.1. The test results of the compressive strength of the samples extracted from the plates are highlighted in Table 4 . It should be noted that the results of this test had to be corrected due to the variation in the height of the core samples and the possible presence of micro-cracks caused by excessive vibration during the extraction of the core samples. Corrections were performed according to the recommendations presented in [21] . The values of the increased average strength, which are highlighted in Table 4 , were used in the definition of the correlation curve. The correlation curve of the probe penetration test, along with a confidence interval of the individual and average values defined by equations (3) and (4), is depicted in Figure 7 . The lower limit of the confidence interval outlined in Figure 7 is equivalent to the concrete characteristic strength curve when a significance level of 5.0% was adopted. As presented in Figure 7 , the correlation curve does not cover intervals over 25.0 MPa. Therefore, if the strength values observed in the concrete lining of the tunnel are above the results obtained in the samples, the correlation curve must be extrapolated. However, because the plates have been moulded during the projection process, the existence of in situ values similar to those observed in the concrete plates is probable, which presents evidence that the concrete lining of the tunnel shows non-conforming results.
The expression of the correlation curve of the probe penetration test is detailed in equation (9). The correlation coefficient R 2 obtained in the definition of the curve was 0.807. Considering the variability that is intrinsic of the probe penetration test in addition to the variability associated with the characteristics of shotcrete, the correlation coefficient of 0.807 can be considered acceptable. It is important to note that although this value is acceptable, complementary studies are required to obtain a better correlation coefficient among the results. Such studies include, for instance, increasing the sampling universe, thus enabling a more profound statistical analyses. After defining the correlation curve between the exposed length of the probe and the compressive strength of the concrete (9), it is possible to estimate the compressive strength at various points in the projected concrete layer along the tunnel, as discussed in the following section. Based on the results presented in Figure 8 and considering the limit of 44.3 mm specified for the individual values, it can be stated that the compressive strength of shotcrete does not meet the design specifications in any location of the tunnel. The results of Figure 8 indicate that there is considerable variation of the exposed length of the pin and, consequently, of the corresponding estimated compressive strength along the tunnel. The results are more dispersed in the left-side region of the tunnel, whereas the top has less dispersion. The high dispersion of the results is due not only to the nature of the material but also to the possible lack of homogeneity resulting from shotcrete, i.e., the lack of control of the projection technique and the amount of concrete. Considering Figure 9 and the limit of 39.8 mm specified for the average values, it is possible to conclude yet again that the compressive strength of the shotcrete is not compliant. Hence, it is not possible to affirm that at 95% confidence the concrete average strength exceeds 25.0 MPa in all sections along the length of the tunnel.
To provide more accurate information, which would thus enable an analysis of the future stability of the structure, the characteristic strength of the shotcrete was determined in different parts of the tunnel to allow for differentiated solutions to structurally reinforce each stretch. Therefore, the tunnel is divided into seven portions, as illustrated in Figure 10 .
The individual results of the compressive strength at each site provided by the probe penetration test and equation (9) were grouped, and the mean f cj and standard deviation s d of each group were calculated. With these data, the characteristic strength of the concrete f ck was calculated through equation (10) . A summary of all of the results of this analysis is presented in Table 5 . The values of the concrete characteristic strength defined in each of the sections are depicted in Figure 10 .
(10) Table 5 , it can be noted that the strength values are less than the characteristic value specified in the project. The top and rightside sections presented, in most cases, the best results, whereas the left-side section displayed the worst results, primarily in the final stretch of the tunnel. Finally, it is possible to observe in Figure 10 that the compressive strength of the concrete generally decreases along the length of the tunnel. Such trend was expected once the shotcrete at the entrance of the tunnel is older than that projected onto the final stretch of the tunnel.
Final considerations
In the present work, the probe penetration test was used as the basis of a methodology assessing the shotcrete compressive strength. In light of the observations made during the tests and the results presented here, the following conclusions were obtained. Regarding the tests, the low-cost solution proposed here shows promising results. In this case, the Windsor gun, commonly used in the probe penetration test, was replaced by a low-cost gun available on the market that can be used to fix steel pins into concrete. Moreover, during the tests, the propulsion energy control proved to be an important factor to ensure that the test shows sufficient sensitivity to detect different levels of strength. For practical reasons, only one level of energy was used to investigate the structure in question. Nonetheless, the assessment of the influence of the propulsion energy in concrete with different levels of strength is recommended to optimise the test methodology proposed in this study.
The analysis of the structure shows that the compressive strength of the tunnel did not meet the project specification of f ck =25,0 MPa. However, the results indicate that in general, the characteristic strength of the concrete is greater than 15. In the study of the probe penetration test variability, a coefficient of variation of ~8.0% was obtained. Nevertheless, the variability observed in loco appears to be relatively higher than this value. This fact is mainly due to, but not limited to, factors such as a discontinuity of the shotcrete thickness and the lack of homogeneity of the shotcrete due to the lack of control of the projection technique. Finally, it is possible to conclude that the proposed methodology is suitable for estimating the compressive strength of the shotcrete structures. However, when possible, a greater number of repetitions of the test should be performed to account for variability and thus achieve a better correlation of the results.
